Background: Insulin dysregulation (ID) with basal or postprandial hyperinsulinemia is one of the key findings in horses and ponies suffering from the equine metabolic syndrome (EMS). Assessment of ID can easily be performed in clinical settings by the use of oral glucose challenge tests. Oral glucose test (OGT) performed with 1 g/kg bodyweight (BW) glucose administered via naso-gastric tube allows the exact administration of a defined glucose dosage in a short time. However, reliable cut-off values have not been available so far. Therefore, the aim of the study was to describe variations in insulin response to OGT via naso-gastric tubing and to provide a clinical useful cut-off value for ID when using the insulin quantification performed with an equine-optimized insulin enzyme-linked immunosorbent assay.
Findings
The equine metabolic syndrome (EMS) is a common endocrinopathy in equines. Horses are affected by general or regional obesity, predisposition to laminitis and insulin dysregulation (ID). Insulin dysregulation refers to basal and/or postprandial hyperinsulinemia, sometimes also associated with tissue insulin resistance [1, 2] . Moreover, ID can occur in EMS as well as in pituitary pars intermedia dysfunction (PPID) patients [3, 4] . Unfortunately, ID horses may not be identified correctly by phenotype in all cases. Furthermore, baseline measurements of fasting glucose and insulin concentrations may not suffice in all patients [1, 5] . Therefore, dynamic tests are proposed for the assessment of ID [1, 2, 6, 7] .
Oral glucose challenge tests allow assessment of postprandial hyperinsulinemia in ID horses under
Open Access
Acta Veterinaria Scandinavica *Correspondence: tobias.warnken@tiho-hannover.de 1 Clinic for Horses, University of Veterinary Medicine Hannover, Foundation, Bünteweg 9, 30559 Hannover, Germany Full list of author information is available at the end of the article standardized conditions. Recently published research highlights the importance of hyperinsulinemia, reporting that laminitis can be induced experimentally using a diet high in nonstructural carbohydrates. Furthermore, the authors were able to predict laminitis risk based on insulin and glucose levels after an oral challenge test [8] . Several oral test protocols for assessment of ID are currently available. In these procedures application routes as well as the used dosages of glucose or other sugars vary. The in-feed oral glucose tests (OGT) can be performed by feeding 0.5 g-1.0 g/kg bodyweight (BW) glucose or dextrose powder mixed in low-glycemic meals and by determination of insulin and glucose concentrations after 120 min [9] . A positive test and ID was defined as an insulin concentration > 80 µLU/mL [1] or > 87 µLU/mL [10] , depending on which literature is consulted.
The oral sugar test (OST) as a simplified testing procedure uses 0.15 mL/kg BW corn syrup [11] administered orally via syringe, followed by measurement of insulin and glucose after 75 min. Insulin concentrations > 60 μLU/mL were used as cut-off [10, 12] . Recently, a dosage of 0.25 mL/kg BW for OST was suggested to improve diagnostic value. Blood sample analysis was recommended at either 60, 75, 90 or 120 min and insulin concentrations of ≥ 22.8, 18.7, 30.2 and 26.3 µLU/ mL, respectively were proposed for being indicative for ID [13] . Since corn syrup is not available in most European countries, a modified OST using commercially available Scandinavian glucose syrup was developed and provided promising results [14] . Nevertheless, reference ranges have not been established to date. Moreover, clinicians and researchers reported acceptance problems in their patients when performing in-feed OGTs, which led to prolonged consumption times or refused feed intake and therefore precluded reliable and exact test results for interpretation [15] .
An alternative is to perform the OGT via naso-gastric tubing [16] . The substantial benefit of this protocol is the exact administration of a defined glucose dosage in a short time. Though it remains the most precise oral test approach, this procedure requires naso-gastric tubing.
For OGT performed with 1 g/kg BW glucose dissolved in 2 L water and administration via naso-gastric tubing, there are no reliable cut-off values or reference ranges available. Therefore, the aim of the study was to describe variations in insulin response to OGT via naso-gastric tubing and to provide a clinical useful cut-off value for ID when using insulin quantification performed with an equine-optimized insulin enzyme-linked immunosorbent assay (ELISA). OGT results of 56 horses and ponies were obtained under similar conditions during several research projects from winter 2013 to spring 2017. Twenty-three warmblood horses, 19 Icelandic horses, 5 Shetland ponies and 9 ponies of various breeds were included in the study regardless of their insulin sensitivity status. There were 26 mares, 25 geldings and 5 stallions, aged 15 ± 6 years and weighed 473 ± 136 kg. The included horses had a mean body condition score (BCS) of 5.9 ± 1.4. Out of 56 individuals 16 were previously diagnosed with laminitis. OGTs were performed under standardized conditions after 12-14 h fasting prior to testing.
To perform OGT, 1 g/kg BW glucose powder 2 was dissolved in 2 L of water and administered via naso-gastric tubing [16] . Blood samples were collected via intravenous catheter 3, 4 prior to administration of the glucose solution, and afterwards in 15 min intervals for at least 180 min. Blood samples for serum preparation were placed into plain tubes, incubated at room temperature, centrifuged after 60 min at 1000×g for 6 min, and stored at − 80 °C until further analysis. Serum insulin concentrations were analyzed in duplicate using an equine-optimized insulin ELISA (see footnote 1) previously validated for use in horses [17, 18] . Samples with insulin concentrations exceeding the analytical range of the ELISA (> 1.5 µg/L) were diluted with commercially available sample buffer. 5 For the conversion of insulin concentrations expressed in µg/L as supplied by the ELISA, to the commonly used SI unit of µLU/mL, the previously published conversion factor of 115 was used [19] .
Statistical analysis was performed in R 3.4.0. 6 Dynamics in insulin responses to OGT showed large variation in the study population ruling out simple visual differentiation between two groups of insulin sensitive and insulin dysregulated animals (Fig. 1) . Moreover, there is no clear separation in the serum insulin concentration of insulin sensitive and insulin dysregulated horses at the currently used time-point for evaluation of 120 min in the OGT. Therefore, data analysis was performed using a model based clustering method provided by the mclust R-package [20] in combination with a scaled singular value decomposition (SVD) projection for improved initialization [21] . This algorithm tries to detect an intrinsic structure to the data in an unsupervised manner by grouping individuals based on their similarities in insulin measurements at all sampling time points. The benefits are that no arbitrary limit is used for categorization and that all 2 Glukose, WDT, Garbsen, Germany. 3 EquiCath TM Fastflow, 12 G, Braun Vet Care GmbH, Tuttlingen, Germany. 4 Intraflon 2, 12 G, Vygon, Ecouen, France. 5 Diabetes Sample Buffer, Mercodia AB, Uppsala, Sweden. data-points are used in the classification, taking into account the individual insulin response during the OGT. The clustering results were compared with other clustering methods like partitioning (kmeans, pam) and hierarchical clustering with varying initialization parameters. A cluster with constant lower insulin concentrations during the OGT (cluster 1) was consistently found across the different clustering strategies, while the optimal number of clusters varied. The model based clustering approach was preferred because it required no a priori estimation of the number of clusters. Two clusters retained by the mclust algorithm with improved initialization relate to another (Figs. 1, 2) . The separation line between the two clusters at 120 min was at 105 µLU/L insulin. As the serum insulin in each group for each time-point did not belong to a normal distribution, the (pseudo) median was of more informative value than the mean. Figure 3 shows the pseudomedian with 95% confidence interval for both clusters as estimated from the Hodges-Lehmann estimator. While the difference between groups was striking, the actual range of insulin responses that occurred in different subjects supports the idea that insulin status is not a dichotomous state of either insulin sensitive or insulin dysregulated but rather that ID exists in different intensities (Fig. 1) . For calculation of a reliable cut-off value, 97.5% quantile of the cluster 1 constituted a cut-off of 110 µLU/mL insulin at 120 min (Fig. 4) . With respect to previously reported significant differences between laboratory methods used for quantification of equine insulin [18, 22, 23] , our reported cut-off value is only applicable for the combination of the OGT procedure described above and the measurement of insulin by the use of the equine-optimized ELISA (see footnote 1) or a method which shows good agreement. However, even intra-and inter-assay CV values of 2.0-10.6% and 4.83-10.7% reported for the immunoassay used in this study can impair final results [17, 18, 24] . Sixteen horses of the study population had radiographically confirmed laminitis. Fifteen out of sixteen laminitic horses and ponies were positively identified as ID by this OGT when the cut-off value of 110 µLU/mL was applied. Moreover, the median (IQR) insulin concentration of previously laminitic individuals was 513.3 (187.6-618.9) µLU/mL at 120 min during OGT. This is the first study providing a cut-off for OGT performed with 1 g/kg BW glucose administered via naso-gastric tube. Nevertheless, insulin concentrations around 110 µLU/mL should be interpreted carefully in clinical situations in which significant management and feeding modifications or even drug therapies would be initiated when patients are classified as insulin dysregulated. In these cases with debatable insulin concentrations following OGT, re-testing horses and ponies after a certain period of time would be advisable. The authors suggest not using the reported value as a strict cut-off, but rather as an orientation value for clinical interpretation and diagnosing ID because of the fluent transition between horses and ponies with undisturbed insulin regulation and ID. Taking into account the reported coefficient of variation (CV) values of 19% (31-43%) for in-feed OGTs at 120 min [15] and 83-91% agreement between OST performed on different days [25] , multiple factors can affect final test results. Furthermore, interpretation of OGT insulin concentrations should be accompanied by consideration of clinical findings when assessment of ID is used for diagnosing EMS or PPID related ID. Fluent transition from an insulin sensitive state to an insulin dysregulated state complicates the establishment of reliable cut-offs. However, it emphasizes the importance of early detection of horses being at high risk to develop metabolic pathologies and the importance of recording the degree of severity when individual therapy plans are created.
In conclusion, the standard dosed OGT with glucose application via naso-gastric tubing can be easily performed under clinical settings and allows reliable assessment of ID in horses. 
